Charcot-Marie-Tooth disease type 1A (CMT1A) is caused by a 1.4 Mb duplication on chromosome 17p11.2, which contains the peripheral myelin protein-22 (PMP22) gene. Increased levels of PMP22 in compact myelin of peripheral nerves have been demonstrated and presumed to cause the phenotype of CMT1A. The objective of the present study was to determine whether an extra copy of the PMP22 gene in CMT1A disrupts the normally coordinated expression of PMP22 protein in peripheral nerve myelin and to evaluate PMP22 over-expression in patients with CMT1A and determine whether levels of PMP22 are molecular markers of disease severity. PMP22 expression was measured by taking skin biopsies from patients with CMT1A (n = 20) and both healthy controls (n = 7) and patients with Hereditary Neuropathy with liability to Pressure Palsies (HNPP) (n = 6), in which patients have only a single copy of PMP22. Immunological electron microscopy was performed on the skin biopsies to quantify PMP22 expression in compact myelin. Similar biopsies were analysed by real time PCR to measure PMP22 mRNA levels. Results were also correlated with impairment in CMT1A, as measured by the validated CMT Neuropathy Score. Most, but not all patients with CMT1A, had elevated PMP22 levels in myelin compared with the controls. The levels of PMP22 in CMT1A were highly variable, but not in HNPP or the controls. However, there was no correlation between neurological disabilities and the level of over-expression of PMP22 protein or mRNA in patients with CMT1A. The extra copy of PMP22 in CMT1A results in disruption of the tightly regulated expression of PMP22. Thus, variability of PMP22 levels, rather than absolute level of PMP22, may play an important role in the pathogenesis of CMT1A.
Introduction
Charcot-Marie-Tooth (CMT) disease refers to a group of inherited neuropathies with a prevalence of 1 in 2500 people (Skre, 1974) . Dominantly inherited CMT can be separated into demyelinating (CMT1) and axonal (CMT2). At present, mutations in over 35 different genes have been identified and chromosomal localization of many other distinct inherited neuropathies have been mapped (Jani-Acsadi et al., 2008) . Charcot-Marie-Tooth disease type 1A (CMT1A) is the most common form of CMT, affecting $50% of all CMT cases (Ionasescu et al., 1993; Wise et al., 1993) and 70% of patients with CMT1 (Nelis et al., 1996) . CMT1A is caused by a 1.4 Mb duplication of chromosome 17p11.2-12 (Lupski et al., 1991; Raeymaekers et al., 1991) . Deletion of this identical 1.4 Mb region causes a different inherited neuropathy, hereditary neuropathy with liability to pressure palsies (HNPP) (Chance et al., 1993) . These two allelic neuropathies, CMT1A and HNPP, differ in many respects. Patients with CMT1A develop a slowly progressive, symmetrical, dymyelinating neuropathy with secondary axonal loss (Thomas et al., 1997; Krajewski et al., 2000) . In contrast, patients with HNPP experience reversible multifocal weakness or sensory loss (Li et al., 2004) . Pathological studies from CMT1A reveal diffuse 'onion bulbs' and lengthdependent axonal degeneration (Lupski and Garcia, 1992; Gabreels-Festen et al., 1999) . In contrast, nerves in HNPP are characterized by focal myelin thickenings known as 'tomacula' because of their sausage-like shape (Behse et al., 1972; Madrid and Bradley, 1975; Fewings et al., 1985; Yoshikawa and Dyck, 1991; Vallat et al., 1996; Gabreels-Festen et al., 1999) . The peripheral myelin protein (PMP22) gene is contained within the region of chromosome 17p11.2-12 and its over-and underexpression is believed to be directly responsible for both diseases (Lupski et al., 1991; Raeymaekers et al., 1992; Chance et al., 1993; Inoue et al., 2001) . A typical CMT1A phenotype is characterized by distal weakness, sensory loss, foot deformities and absent reflexes. However, the phenotypic presentation can be quite variable with severe cases presenting in infancy while occasional patients remain asymptomatic even in adulthood. The reasons for phenotypic variability in CMT1A are not known.
Morphological analyses of myelinated nerves from CMT1A patients have been primarily performed on sural nerve biopsies (Gabreels-Festen et al., 1995; Vallat et al., 1996) . These biopsies require a surgical approach, may result in pain, and can only be performed twice for a given patient since humans have only two sural nerves. Since biopsies are not necessary to make the diagnosis, they are now rarely performed in CMT1A. We (Li et al., 2005; Sabet et al., 2006) and others (Nolano et al., 2003; Lombardi et al., 2005) have begun using 2-3 mm punch biopsies from glabrous skin to evaluate myelinated peripheral nerves. This minimally invasive procedure has shown that the morphological and molecular phenotypes of dermal myelinating Schwann cells behave similarly to myelinating Schwann cells ensheathing other peripheral nervous system axons (Li et al., 2005) . In preliminary studies, using immuno-electron microscopy (immuno-EM), we observed that PMP22 was over-expressed in dermal Schwann cells from patients with CMT1A but we noticed that this overexpression seemed variable in the few patients we analysed (Li et al., 2005) . Furthermore, the increased levels of PMP22 mRNA and PMP22 protein in CMT1A have been reported in a number of studies on sural nerve biopsies. The level of PMP22 appeared variable in some publications and was hypothesized to be secondary to demyelination (Hanemann et al., 1994; Yoshikawa et al., 1994; Vallat et al., 1996; Gabriel et al., 1997; Schenone et al., 1997) .
The mutation causing CMT1A introduces an additional copy of PMP22 in tandem into one of the alleles of chromosome 17p11.2. In order to maintain PMP22 expression at normal level, this extra copy would have to be regulated in a coordinated fashion with the other two copies of PMP22, both temporally and spatially.
However, the capacity to regulate an additional copy of PMP22 is not programmed or inherited in myelinating Schwann cells. Therefore, we hypothesized that PMP22 levels in CMT1A may be dysregulated and unpredictable between patients. Newly translated PMP22 in myelinated Schwann cells must undergo post-translational modifications. Levels of PMP22, like other myelin proteins, are tightly coordinated prior to reaching the compact myelin (Stahl et al., 1990; Pareek et al., 1997; Trapp et al., 2003) . Normally, $90% of translated PMP22 is rapidly degraded and never inserted into myelin; less than 10% of the translated protein is therefore incorporated into myelin (Pareek et al., 1997) . Over-expressed PMP22 in CMT1A would be subject to this same post-translational regulation. Whether abnormalities in post-transcriptional or post-translational regulation of PMP22 are involved in the pathogenesis of CMT1A or HNPP, in which there is only a single copy of the PMP22 gene, is unknown. With the establishment of our skin biopsy technique (Li et al., 2005) , we had an opportunity to examine these issues in a cohort of patients with CMT1A by performing immuno-electron microscopy and real-time PCR to quantify PMP22 expression. These levels were then correlated with impairment of CMT1A patients, as defined by a previously validated CMT Neuropathy Score (CMTNS) (Shy et al., 2005) . Our results show highly variable levels of both PMP22 protein and mRNA in CMT1A. In contrast, PMP22 levels appear uniform between different patients with HNPP. Variable levels of PMP22 protein or mRNA did not correlate with neurological disabilities in patients with CMT1A; thus they were not responsible for differences in the neurological impairment of this disease.
Methods

Patient evaluation
Subjects with CMT1A, HNPP and controls were prospectively evaluated at the CMT Neurology Clinic at Wayne State University. Evaluations consisted of a neurological history and examination and nerve conduction studies. Genetic testing at Athena Laboratories (Worcester, MA, USA) was performed in all patients or in first or second degree relatives to document the presence of a 1.4 Mb duplication on chromosome 17p11.2 (Lupski et al., 1991; Raeymaekers et al., 1991) indicating a diagnosis of CMT1A. If the subject had a first or second-degree relative with a documented duplication, a diagnosis was considered confirmed if the subject also had uniform motor conduction slowing of the median or ulnar nerve 535 and 410 m/s. Relatives with NCV outside this range required confirmation of CMT1A by genetic testing.
CMT Neuropathy Score and neuropathy impairment score
The severity of the peripheral neuropathy was evaluated in all patients by the CMT Neuropathy Score (CMTNS), a validated measurement of impairment in patients with CMT (Shy et al., 2005) . The CMTNS is a composite score based on the history (total possible points = 12), the neurological examination (total possible points = 16) and clinical neurophysiology (total possible points = 8); the maximal possible score is 36. Patients with mild, intermediate and severe disability typically have a CMTNS between 1-10, 11-20 and 21 or greater.
Skin biopsy, real-time PCR and immuno-electron-microscopy
Glabrous skin biopsies were performed from the lateral aspect of the index finger for immuno-electron microscopy or distal forearm for real-time PCR. Total RNA was extracted from the forearm biopsies and subjected to the PCR analysis as described before. Immunoelectron microscopy was performed on biopsies to measure PMP22 or myelin basic protein (MBP) protein levels on the compact myelin (Fig. 1) . The primary antibodies were polyclonal rabbit PMP22 (Lab Vision Corporation) and monoclonal mouse MBP (UltraClone Limited). The secondary antibodies were 12 nm gold-particle conjugated anti-rabbit and anti-mouse antibodies (Gold-AffiniPure, Jackson ImmunoResearch) (Li et al., 2005) . Real-time PCR and immunoelectron microscopy levels were correlated with results from patients' CMTNS.
Statistical analysis
Comparisons of PMP22, MBP and S100 levels between patients with CMT1A, HNPP and control subjects were analysed using unpaired Student's t-test. Correlations between the CMTNS and immunoelectron microscopy and mRNA levels were performed using Pearson's correlation test. Prism 4 software (GraphPad Inc., 2003) was used for all the statistical analysis.
Results
PMP22 expression in Schwann cells is variable in CMT1A but not in HNPP
To compare PMP22 levels, we measured the density of PMP22 in compact myelin from skin biopsies of 20 patients with CMT1A, 6 patients with HNPP and 7 subjects with no history or evidence of neuropathy. We were able to identify an average of 6 myelinated nerve fibres in each of the 33 biopsies. An average of 980.2 mm 2 myelin surface was found in each biopsy. Similar to our preliminary data (Li et al., 2005) However, the distribution of grain densities from CMT1A nerves was highly variable, with a range between 57.7 and 301.8 grains/mm 2 (Fig. 2) .
We next evaluated clinical impairment in biopsied patients with CMT1A, using the CMTNS. The mean value for all patients was 20, at the high end of what is considered 'moderate' CMT (Shy et al., 2005) . These results were also variable between patients with CMT1A; 5 had a CMTNS 510 (mild CMT), 10 had scores in the moderate range (11-20) and 5 patients had scores in the severe range (420). We compared PMP22 grain densities with CMTNS results. There was no correlation between the two variables (r = À0.16; p = 0.5); thus variability in clinical impairment did not correlate with differing levels of PMP22 in dermal myelinated nerves (Fig. 3A) .
We were concerned that regional differences in demyelination of individual internodes may have influenced our findings, independent of PMP22 over-expression. We therefore measured MBP grain densities as a surrogate control of demyelination effect since MBP is myelin specific, not genetically altered in CMT1A and Figure 1 Immuno-electron microscopy of dermal myelinated nerve fibres. Skin biopsies were fixed for 3 h and embedded in LR white. The ultra-thin sections were stained with antibodies against PMP22 that were conjugated with gold particles. These particles were mainly found in compact myelin, but minimally in axons. Immuno-electron microscopy fixation techniques cannot completely preserve the compact myelin and usually results in vacuolated areas in the compact myelin (arrowheads). To exclude the effect of these vacuoles on our data, we only measured the grain density in the areas with intact myelin (arrow circle).
Figure 2 PMP22 and MBP grain densities in patients with
CMT1A and normal controls. Skin biopsies were processed for immuno-electron microscopy studies. PMP22 grain densities were highly variable in CMT1A, but not in HNPP or normal controls. The densities were measured in grains/mm 2 .
normally expressed in similar amounts to PMP22 in myelinating Schwann cells (Snipes and Suter, 1995) . We compared grain densities for MBP in 11 patients with CMT1A (21 AE 13 grains/mm 2 ) and 5 controls without neuropathy (29 AE 17 grains/mm 2 ); these differences were not significant (p = 0.31). We then generated a PMP22/MBP ratio for each patient and compared this to the CMTNS. Again there was no significant correlation (r = 0.11; p = 0.74). Taken together, these results did not demonstrate a correlation between PMP22 protein levels and clinical impairment in CMT1A, even when the extent of demyelination was taken into consideration.
CMT neuropathy sub-scores do not correlate with PMP22 expression in CMT1A
The CMTNS is a composite score consisting of symptoms, signs and neurophysiologic results for motor and sensory nerves. To determine whether PMP22 protein expression correlated with any of these individual components we compared PMP22 grain density to individual CMTNS sub-scores. Mild correlations were obtained for sensory symptoms (r = À0.44), motor symptoms in the arms (r = À0.30), ulnar compound muscle action potential amplitudes (r = À0.28) and vibration sensation (r = 0.33).
No correlation was obtained for motor symptoms in the arms, arm or leg strength, pin sensation or ulnar sensory nerve action potential amplitudes. There was also no significant correlation between the age of the patients and PMP22 grain densities (r = 0.051).
PMP22 mRNA levels do not significantly correlate with CMTNS
An extra copy of PMP22 demands a regulation of gene expression coordinated temporally and spatially between the three copies of the PMP22 genes in CMT1A (Pareek et al., 1997) . However, this coordinated regulation is not programmed or inherited, but new to Schwann cells; thus transcription of PMP22 may also be variable in CMT1A. We utilized real-time PCR to quantify PMP22 mRNA levels in a series of 29 patients with CMT1A and correlated the levels with their CMTNS. PMP22 mRNA levels (normalized to S100 mRNA) were also variable from subject to subject. While there was a trend between mRNA levels and CMTNS (r = 0.33), this correlation did not achieve significance (p = 0.08). Thus, while both protein and mRNA levels varied from patient to patient, there was no demonstrable correlation between PMP22 mRNA or PMP22 protein levels with clinical impairment as measured by the CMTNS (Fig. 3B) . Correlation between the PMP22 protein levels and mRNA expression was not possible because the two measurements were performed on two different groups of subjects (an entire biopsy is needed for immuno-electron microscopy or for RNA extraction).
Discussion
We have demonstrated that there is wide variability in the density of PMP22 in dermal myelin in patients with CMT1A but not in HNPP, or subjects without CMT. We have also demonstrated that variability of PMP22 protein or mRNA levels does not correlate with clinical impairment and thus does not explain the observed phenotypic variability of patients with CMT1A, at least when this variability is measured by the CMTNS. We were initially concerned that variable demyelination in sampled internodes from CMT1A patients may have influenced our results. However MBP expression levels did not vary in our patients and MBP levels are normally similar to those of PMP22 in peripheral nervous system myelin (Trapp et al., 2003) . If our PMP22 results simply varied with the extent of demyelination we would have expected to find variable expression of MBP as well. Moreover, we have demonstrated previously and in the present study that there is a decreased level of PMP22 in patients with HNPP and heterozygous deletion of chromosome 17p11.2 (Li et al., 2005) , similar to that reported in sural nerve biopsies using immuno-electron microscopy (Vallat et al., 1996) . This reduction of PMP22 level was also replicated by the same technique in a large family of HNPP patients with a heterozygous missense mutation resulting in a premature termination of PMP22, demonstrating the predicted reduction of PMP22 in myelin (Li et al., 2007) . The reduction of PMP22 among all these patients was uniform, not variable. These findings suggest that our method of PMP22 measurement in skin biopsies with immuno-electron microscopy is reliable, and reproduces findings obtained in sural nerve biopsies. Thus, we believe that variable PMP22 over-expression in CMT1A myelin represents a specific property of the disease. We hypothesize that dysregulation of PMP22 expression, rather than the absolute level of increased PMP22 per se, causes neuropathy in CMT1A. It would be important in future studies to test whether degrees of oscillation of PMP22 expression level correlate with disabilities in patients with CMT1A.
As much as 90% of newly translated PMP22 is immediately degraded before the newly synthesized protein leaves the endoplasmic reticulum; only a small portion is targeted to myelin (Pareek et al., 1997) . PMP22 that is targeted to myelin is processed through the secretory pathway in which proteins are folded within the endoplasmic reticulum, glycosylated within the Golgi and then incorporated into vesicles that transport them to the myelin sheath as tetramembrane proteins (Snipes et al., 1992; Trapp et al., 2003) . The function of PMP22 in myelin remains unknown although a leading hypothesis is that it binds to tetramers of myelin protein zero in a stoichiometric fashion (one PMP22 to four myelin protein zero molecules), helping to stabilize myelin protein zero and compact myelin (D'Urso et al., 1999; Hasse et al., 2004) . Processes that disrupt the timing and amounts of myelin proteins into myelin have the potential to disrupt myelination or cause dysmyelination. However, these processes must do more than simply reduce the normal amount of the myelin protein since haploinsufficiency of PMP22 causes HNPP, a distinct disorder from CMT1A and haploinsufficiency of myelin protein zero causes only a mild, late-onset neuropathy in heterozygous myelin protein zero null mice (Martini et al., 1995; Shy et al., 1997) . Moreover, our data show that PMP22 levels in myelin continue to be tightly regulated in HNPP; the values cluster at about half of the normal amount as would be predicted by haploinsufficiency.
Another way of considering this issue is in terms of 'toxic gain-of-function' compared to 'loss-of-function' mutations. Since CMT1A is distinct and typically more severe than HNPP, it cannot result simply from a loss of normal PMP22 function, the cause of HNPP. There must be an additional pathogenic mechanism in CMT1A that may have nothing to do with the normal function of PMP22. Similarly, missense mutations in PMP22 or myelin protein zero may cause very severe neuropathies because of toxic gain-of-function abnormalities. In these circumstances endoplasmic reticulum retention of mutated proteins and activation of processes such as the unfolded protein pathway may contribute to the severity of the neuropathy (Shames et al., 2003; Grandis et al., 2008; Pennuto et al., 2008) . Alternatively, in loss-offunction disorders, such as HNPP, the normal trafficking of PMP22 is not disrupted and PMP22 levels remain clustered at the predicted 50% of their normal level. If our hypothesis of variability of PMP22 expression is correct, this would provide a novel approach to treatment strategies; working to stabilize PMP22 levels in myelin rather than focusing exclusively on simply reducing PMP22 levels in patients with CMT1A. The latter approach may even be harmful for those patients with CMT1A with near normal or normal levels of PMP22.
Our results demonstrate that phenotypic variability in CMT1A cannot be explained by variable PMP22 levels in myelin. Whether particular haplotypes or modifier genes contribute to phenotypic variability is an ongoing area of research. The fact that identical twins with CMT1A have demonstrated phenotypic variability (Garcia et al., 1995) suggests that non-genetic as well as genetic factors are likely to contribute. For example, medications such as vincristine are known to exacerbate CMT1A (Weimer and Podwall, 2006) and we have recently shown that CMT1A is often more severe in patients with diabetes mellitus (Sheth et al., 2008) . Sorting this out will require careful uniform clinical analysis of many patients in addition to analysis of their DNA.
We appreciate that a correlation between Pmp22 mRNA levels and clinical findings was observed in CMT1A rats (Meyer zu Horste et al., 2007) . CMT1A rats are bred into a defined genetic background. In contrast, the genetic background in the human subjects enrolled in our study was mixed. Thus, the presence of modifiers, as discussed above, may contribute to expression differences between rats and patients.
Finally, our results raise the issue of how to interpret PMP22 mRNA levels in clinical trials. Treatment trials of CMT1A mice (Passage et al., 2004) and rats (Sereda et al., 2003; Meyer zu Horste et al., 2007) have demonstrated a reduction of PMP22 mRNA associated with clinical improvement following therapy. Based on these results, PMP22 mRNA levels, obtained from skin biopsies, are outcome measures in current clinical trials in Europe, the UK and the USA designed to interpret the ability of high dose ascorbic acid to slow progression or improve patients with CMT1A. Although our results suggest that PMP22 levels do not correlate directly with severity, this correlation in longitudinal changes remains to be determined. However, our results do suggest that measurements of mRNA and protein variability may become important end-points.
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